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Abstract 
This study has been undertaken to provide an insight into the proximate and ultimate analysis, mineral matter 
distributions, pyrolysis characteristics and pore structure of three density fractions of Huadian oil shale. XRD analysis 
shows that the major phases in oil shale of different densities are present as clays, quartz and calcite. Low-density 
pulverized oil shale predominantly contains organic matter and a small amount of mineral matter while high-density 
pulverized oil shale contains an abundance of mineral matter. The difference is that the former contains mainly 
internal mineral matter, but in the latter a large quantity of excluded mineral matter predominates. The pyrolysis 
curves of oil shale of three densities indicate that the light density fraction assumes a most intense pyrolysis and the 
weight loss, and the decomposition rate becomes ever weaker with an increase of density in the range of 250–550ć. 
Clays have a catalytic effect on the reactivity of oil shale pyrolysis, causing the degradation of the medium and high 
fraction to start at a lower temperature. Pore structure of oil shale was measured by using a N2 isothermal 
adsorption/desorption method. The pore shapes of oil shale of different densities all present slit types. The pore 
volume and BET surface area of the medium density fraction is higher than that of the light and high density fraction. 
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1.Introduction 
Owing to high world’s crude oil price and the supply of energy has become a worldwide problem in 
recent decades. Many countries pay more and more attention to utilization of oil shale. Therefore, there are 
a lot of researches into alternative sources of conventional fossil fuels. In China, the estimated resources of 
oil shale are approximately two trillion tons, which are equivalent to 80 billion tons (bn.t) of shale oils [1]. 
And deposits are distributed mainly in Hadean, Fushun and Maoming etc. [2]. At present, the reasonable 
utilization of oil shale has the special strategic significance to make up the deficiency of the energy 
resources of China and promote economic development of the country. 
At present, different characteristics of oil shale have been studied extensively by a large number of 
scholars from various countries. The features of the chemical structure of the obtained oil fractions were 
studied by Yorudas et al. [3]. They stated that shale oil obtained from Jordanian oil shale is mainly 
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aliphatic with a small amount of olefinic and aromatic compounds. Altun and Hicyilmaz    [4] studied 
the effect of heating rate and particle size on pyrolysis of Silopi asphaltite. Pyrolysis characteristics of the 
oil shale were analyzed using TG/DTG curves. The characteristics of minerals obtained from the 
combustion of Jordanian oil shale were studied by Awni et al. [5]. The authors indicated that the particle 
size distributions for both oil shale and ash are almost identical. And the dominant phase found in the oil 
shale was the calcite. Pyrolysis characteristics of the samples were also analyzed in this paper by using 
TG/DTG curves. Qing Wang and Feng XU et al. [6] performed the study on the kinetic characteristics in 
the pyrolysis process of Huadian oil shale. They found that oil shale pyrolytic mechanisms are complex 
and mainly attribute to the nuclear mechanism.   
Although the pyrolysis characteristics and pore structure and of oil shale were studied by many 
scholars, to our best knowledge there is no comprehensive study on these characteristics of oil shale of 
different densities. In this paper, Huadian oil shale was divided into three density sections. And then the 
pore structure and pyrolysis characteristics of each section had been determined. 
2.Experimental Section 
2.1.Density separation 
A standard sample of oil shale was brought from the Huadian deposit, which was crushed and sieved to 
less than 0.1mm, based on the National Standards of China. Then the row sample was separated into three 
density fractions, light (<1.50g/cm3), medium (1.60~1.80g/cm3) and heavy (>2.4g/cm3) using the float-sink 
method [7]. The raw sample and Huadian oil shale of different densities was respectively recorded by OS, 
OS1, OS2 and OS3. The selected fractions were preparedusing benzenẹcarbon tetrachloride mixtures for 
densities in the range 0.8 ~1.6g/cm3 and carbon tetrachloridẹbromoform mixtures for densities between 
1.6g/cm3 and 2.8g/cm3. The proximate analysis and ultimate analysis of the raw and after density 
separation samples are compared in Table 1. It is seen that with an increase in density of oil shale, the 
proximate analysis shows an increase of ash content in oil shale, a decrease of fixed carbon and volatile 
content. The ultimate analysis also indicates a decrease of organic carbon, element hydrogen and nitrogen 
content. 
2.2.Measurements 
The mineral matter distribution of oil shale of different densities was determined by X-ray diffraction 
(XRD). In this paper, samples were analysed in powdered form using a D8 ADVANCE model 
diffractometer. Samples were detected using a stepping scan from 5 to 70etwo-theta 
TABLE I. ANALYSIS DATA OF DIFFERENT SAMPLES 
Sample 
Proximate analysis (%) Ultimate analysis (%) 
Mad Vad Aad FCad C H N S+O 
OS 2.98 42.01 52.74 2.27 28.57 4.61 0.72 10.38 
OS1 1.65 74.69 14.52 9.14 47.35 5.46 1.87 16.65 
OS2 2.74 42.25 53.17 1.84 29.82 3.42 0.84 10.01 
OS3 1.88 13.39 84.51 0.22 8.38 0.16 0.17 4.94 
. 
Pyrolysis characteristics of different samples were carried out by non-isothermal thermogravimetry 
using TA SDT-Q600 analyzer. Thermogravimetric experimental procedure uses N2 (supplied at a constant 
rate of 80 ml/min at normal conditions) as the purge gas and places the sample (ca.5mg) into a platinum 
crucible and then heating to 1200  at ć the rate of 20ć/min. 
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The pore structure and surface area of different samples were measured by using the Gemini 2380 
automatic surface analyzer. Pore parameters are measured under the condition of nitrogen saturation 
temperature (77.4 K), using nitrogen (99.99%) as the adsorption media, at the relative pressure of 0.05̣
0.986. The specific surface area was calculated by applying the BET (Brunauer-Emmett-Teller) equation 
and the pore size distribution (pore volume distribution by pore size) (1.7~300nm) of oil shale was 
calculated by the BJH (Barrett-Joyner-Halenda) method according to N2 
3.Results and Discussions 
3.1.Mineral distribution 
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Figure 1.  The patterns of X-ray diffraction (OS1ʊOS3). 
Minerals identified: C calcite, F feldspar, G gypsum, I illite, K kaoliniteˈM montmorillonite, P pyrite, Q quartz, S 
sideriteˈCh chlorite. 
adsorption – desorption isotherms of oil shale. 
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From the XRD patterns for the oil shale of three density fractions as present in Fig.1, it is seen that the 
mineral distribution of different densities is almost identical. Nigel V et al. found that the light and medium 
density fraction both contained included mineral matter, and the excluded mineral matter mainly 
concentrated in the heavy fraction [8]. In this paper, taking into consideration that the peak height is 
directly proportional to the mineral matter content, it is obvious that low-density pulverized oil shale 
contained little mineral matter, most of it included, while the largely excluded mineral matter mainly 
concentrated in the high-density pulverized oil shale. The medium fraction contained more mineral matter 
than the light fraction and this was chiefly included. The XRD for oil shale supported the findings from the 
proximate analysis. It is clear from XRD that clays (montmorillonite, kaolinite and illite), quartz and 
calcite are the dominant phase in the minerals of the oil shale. In addition, gypsum mainly concentrated in 
medium-density pulverized oil shale. There are also some pyrite and feldspar in the heavy fraction.   
3.2.Pyrolysis characteristics  
Table 2 gives the particular TGA data in relation to different densities in the temperature range 
200–700°C. Four temperatures characteristic of pyrolysis of oil shale are defined: temperature of the initial 
decomposition temperature (Ti), maximum decomposition temperature (Tmax1) in the low temperature 
step, the temperature of the end of decomposition of hydrocarbons (Tstop), and temperature of maximum 
decomposition of carbonate minerals (Tmax2). Define T1/2 as the corresponding temperature zone of 
dw/dt=1/2(dw/dt)max, which describes the concentrative degree of volatile material evolved.  
Figures 2–3 show the weight loss (TG) and differential weight loss (DTG) curves of four oil shale 
samples OS, OS1, OS2, and OS3 in relation to heating rate to the final temperature of 1200ć. It can be seen 
that there are two peaks apparent in the DTG figures of the row sample. The first one is called low 
temperature step (stage1), and it occurs in the range 250–550ć, while the second one is called high 
temperature step (stage2) that occurs in the 550–800ć region. During the stage1, produces weight loss 
which has been attributed to the decomposition of organic matter, which is mainly section of the total 
weight loss. In the second stage, the weight loss is attributed to the pyrolysis residues and decomposition of 
carbonate minerals and so on. The rate of weight loss is distinctly lower than the first stage. 
 
TABLE II. COMPARISON OF THERMOGRAVIMETRIC DATA 
   Sample Temperature,ć
maximum pyrolysis rate, 
wt.%·min-1 ǻT1/2 ć 
Ti Tmax1 Tmax2 Tstop stage1 stage2 
OS 307 453 689 535 -24.6 -13.9 92 
OS1 265 473 -- 509 -22.5 -- 110 
OS2 303 460 673 525 -21.3 -12.6 96 
OS3 301 449 661 498 -4.2 -10.9 56 
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Figure 2.  TG curves of the samples OṢOS3 
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From Figures 2–3 and Table 2, the influence of density separation on the pyrolysis behaviour of oil 
shale samples is clearly shown. The TG curves of oil shale of three densities indicate that weight loss 
gradually decreases with an increase of the density of oil shale. Considering the peak height of oil shale 
decomposition is directly proportional to the reactivity, it is obvious that the light density fraction has a 
most intense pyrolysis in the low temperature step, while its peak has disappeared in the high temperature 
step, which can be explained by the possibility of little content of calcite through the density separation. 
The heavy fraction loses most of the organic mineral by density separation led to the evolution of higher 
yields of ash materials, which results in the lower pyrolysis rate and the weight loss in the low temperature 
step. However, there is a significant peak height in the high temperature step contrast with the low-density 
pulverized oil shale. It is worth noting that the maximum devolatilization rate of the medium density 
fraction was almost the same as that for the light fraction at a low temperature. This result suggests that the 
mineral matter may have a catalytic effect on the reactivity of oil shale pyrolysis, which has also been 
observed by other workers  [9,10], who found that clays (montmorillonite, kaolinite) have some active on 
the reactivity of hydrocarbonaceous material and in promoting their decomposition as the temperature rises. 
The maximum pyrolysis rate of the row sample was higher than that of the low-density, which due to the 
clays content were abundant in the row sample, influenced the sensitivity of the reaction, causing the 
degradation of the organic matter to start at lower temperatures and pyrolysis more rapidly. In addition, by 
comparing the medium density fraction and row sample, it is seen that the basic features and 
thermogravimetric data of them are almost identical. 
Thermogravimetric analysis mainly relates with the most intense stage of weight loss of oil shale. In 
this study,  
TABLE III. KINETIC PARAMETERS OF DIFFERENT SAMPLES 
Samples Temperature(ć) E (kJ/mol) A(l/min) n 
OS stage1 58.7841 8.46E+07 0.5
stage2 66.3208 5.40E+07 1.0
OS1 stage1 28.3505 4.54E+09 0.5
OS2 
stage1 45.2904 1.04E+09 0.5
stage2 101.6490 1.49E+06 1.0
OS3 
stage1 28.0917 4.49E+09 0.5
stage2 54.2919 7.01E+08 1.0
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Figure 3.  DTG curves of the samples OṢOS3 
 
kinetic analysis of pyrolysis data of oil shale of different densities adopted Coats-Redfern method [11]. 
Activation energy (E) can be calculated from the slope and the frequency factor (A) can be determined 
from the intercept. Table 3 shows the kinetic parameters of different samples at the most intense stage of 
reaction. 
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3.3.Pore Structure  
Figure 4 shows the adsorption-desorption isotherms of row sample and oil shale of different densities 
OS1̣OS3. It can be seen that the shape of isotherms has a slightly difference, but which all present the 
anti-S type. According to the BET classification of adsorption- desorption isotherms, the curves of 
different samples are type II isotherm [12]. At the relative pressure is less than 0.1, the curves all show the 
convex shape, then rise slowly or present slightly saturated. This phenomenon shows the increase of the 
adsorption of liquid nitrogen. At this stage, the adsorption of nitrogen chiefly takes place in the micropore 
wall and then gradually reaches saturation of monolayer adsorption. The process of gas adsorption is 
mainly affected by intermolecular van der Waals force.  
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Figure 4.  N2 adsorption–desorption isotherms of different samples 
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Figure 5.  IUPAC classification of hysteresis loops 
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Figure 6.  Pore-size distribution of different samples. 
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The adsorption branches of the isotherms sharply increased over P/P0Ĭ0.7, and reach stable status 
when P/P0Ĭ1.0, which shows that nitrogen confined in the pore of oil shale particles condenses at a 
pressure lower than its saturation pressure. The result shows that the pore of oil shale is from micropores to 
macropores pore system. 
Figure 5 shows four types of hysteresis loops designated as H1, H2, H3 and H4 classified by IUPAC 
classification of adsorption isotherms [13]. In general, the hysteresis loop is related to the pore shape: 
spheric agglomerate and compact shapes usually produce an H1 hysteresis loop; some particulates, such as 
silica gelatum, will produce an H2 hysteresis loop; and slit like particles produce H3and H4 hysteresis loops 
[14]. In Figure 4, it can be seen that adsorption and desorption branches form a wide hysteresis loop. 
However, the hysteresis loops of light and high fraction differ from those of the medium density fraction, 
which are not clearly. The hysteresis loops of different curves are very similar to the H3 hysteresis loop, 
which shows the pore shape of all samples is slit type.  
Figure 6 gives the pore size distribution of these four samples. From Figure 6, it is seen that the 
distribution trend of all curves is basically identical and the peaks of the light and high density fractions 
appear close to 3nm except the medium fraction, which has a peak in the near 6nm. In Figure 7, the pore 
area distribution is similar with pore size distribution. The difference is that the pore area perks of three 
density fractions are all in the near 3nm.  
4.Conclusions 
In this study, an experimental study on the mineral matter distribution, the pyrolysis characteristics and 
pore structure Huadian oil shale of different densities was presented.  
z Proximate analysis of three fractions shows a gradually increase of ash content in oil shale, a 
decrease of volatile and fixed carbon content with an increase of the density of oil shale. 
z The XRD analysis shows that in comparing the three fractions of each oil shale, the mineral 
matter was found to be an intimate mixture of quartz, clays and calcite, with smaller amounts of 
pyrite and others. The deposit from low-density pulverized oil shale (<1.50g/cm3) contained 
little mineral matter and much organic matter. The heavy fraction (>2.4g/cm3) was almost 
entirely excluded mineral matter. 
z The weight loss of the light density fraction is 
1 10 100
0
1
2
3
4
 OS
 OS1
 OS2
 OS3
Po
re
 A
re
a(
m
2 /g
)
Pore Width (nm)
Figure 7.  Pore-area distribution of different samples. 
    
higher than that of the other samples in the 250–550°C region, which attributes to the 
decomposition of the organic matter. Clays have a catalytic effect on the reactivity of oil shale 
pyrolysis, causing the degradation of the medium and high fraction to start at lower temperature. 
z The pore of oil shale is from micropores to macropores pore system and the pore shape of 
different samples all present slit types. The pore size and pore area distribution of the medium 
density fraction are higher than that of the light and high fractions. 
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